Light-driven catalytic three component systems for the reduction of protons, consisting of a cyclodextrin-appended iridium complex as photosensitizer, a viologen-based electron relay, and cyclodextrin-modified platinum nanoparticles as the catalyst, were found to be capable of producing molecular hydrogen effectively in water, using a sacrificial electron donor. The modular approach introduced in this study allows the generation of several functional photo-active systems by self-assembly from a limited number of building blocks. We established that systems with polypyridine iridium complexes of general formula [Ir(ppy) 2 (pytl-R)]Cl (ppy, 2-phenylpyridine; pytl, 2-(1-substituted-1H-1,2,3-triazol-4-yl)pyridine) as photosensitizers are active in the production of H 2 , with yields that under our experimental conditions are 20-35 times higher than those of the classical system with [Ru(bpy) 3 ]Cl 2 (bpy, 2,2 0 -bipyridine), methyl viologen, and Pt. By investigating different photocatalytic systems, it was found that the amount of hydrogen produced was directly proportional to the emission quantum yield of the photosensitizer.
Introduction
The large-scale production of clean energy is one of the major challenges society is currently facing. The exhaustion of fossil fuels and the tangible influence of the greenhouse effect on the environment increase the need to switch from carbon-based fuels (coal, gas, and oil) to renewable energy sources with less or no impact on the environment (solar, wind, wave power, biomass, and wood). 1 Molecular hydrogen is commonly recognized as a key sustainable fuel for the future because it has a high energy content and its combustion produces only water. 2 It does not occur in large amounts on earth, but has to be produced from substances containing hydrogen atoms such as water or fossil fuels; it is therefore to be considered as an energy carrier rather than an energy source, and it becomes a sustainable alternative to classical fuels only if it is produced in a clean fashion. Globally, the industry already produces and uses hydrogen on a massive scale. However, its current production is largely based on fossil fuels which is relatively energy inefficient, and leads to the emission of a significant amount of greenhouse gases. 3 The production of hydrogen using solar energy represents an ideal example of production of sustainable energy. 4 The development of a future based on hydrogen requires several technical aspects to be considered. Governments and industries, particularly in the United States, Japan, and Europe, have been investing heavily in research and development to overcome the technical barriers for the use of hydrogen, which include 4 (i) sustainable production, (ii) purification, 5 (iii) storage/ distribution, 6 and (iv) utilization. 7 More than thirty years ago, Lehn and Gra¨tzel showed independently [8] [9] [10] that the now classical three component heterogeneous photocatalytic system, consisting of a photosensitizer, an electron carrier, and a catalyst for hydrogen evolution, can be used for the generation of molecular hydrogen from water and a sacrificial electron donor. Several studies have been reported on systems containing different photosensitizers, sacrificial electron donors, variously substituted viologens and a variety of catalysts such as semiconductor metal oxides and noble metal particles. 2 The catalysts initially used by Gra¨tzel and Lehn were semiconductors, which were effective only under ultraviolet (UV) light because of their wide band gap. The development of new photocatalysts that are able to produce H 2 from water to make systems active over the whole visible spectrum has therefore attracted much attention. [11] [12] [13] [14] [15] [16] [17] Metal complexes have long been explored as photosensitizers for the evolution of hydrogen in combination with different catalysts. [18] [19] [20] [21] [22] [23] [24] [25] There is a wide range of molecules that can act as photosensitizers such as organic dyes, inorganic systems as well as organometallic complexes. [26] [27] [28] In a typical catalytic cycle, the photosensitizer, which has been oxidized by the catalyst, needs to be regenerated by an electron source (sacrificial donor) which is consumed during the hydrogen production. In combination with a colloidal Pt catalyst, methyl viologen ([Me-V-Me]Cl 2 ) is frequently employed as an electron carrier between the sensitizer and the catalyst. The important steps in these systems are the photo-induced electron transfer from a photo-excited sensitizer to Me-V-Me and the subsequent electron-transport to a colloidal Pt catalyst by the reduced methyl viologen ([Me-V-Me] + ). Scheme 1 shows the typical assembly of photocatalytic systems with an organometallic complex as sensitizing dye. These complexes are photo-and electro-active molecules and typical examples are Ru and Ir polypyridine complexes. [29] [30] [31] [32] [33] These compounds are capable of absorbing light from the UV-visible part of the electromagnetic spectrum creating a long-lived excited state that is able to transfer one electron to the electron relay (viologen) in a reversible redox process. The reduced viologen is then a strong reductant which is capable of transferring electrons to the platinum particle surface where they combine with H + to form molecular hydrogen. In these systems, light acts as a pump forcing the electrons in the direction of the catalytic center. Probably, the biggest disadvantages of this kind of catalytic cycles are that they depend on the efficiency of collisions between the redox partners, which is limited, and that deactivation processes can occur such as the dimerization of the reduced viologen into electro-inactive species as well as its irreversible hydrogenation. 34 In our approach we investigate an analogously constructed three component system containing (i) as sensitizers the complexes [Ru(bpy) 2 (pytl-bCD)] 2+ or [Ir(ppy) 2 (pytl-bCD)] + on which we reported previously, 35 (ii) as electron relay a (substituted) viologen, and (iii) a functionalized platinum catalyst (Scheme 2). The photoinduced electron-transfer step may be improved by this strategy, partly mimicking photoinduced electron transfer processes in the natural photosynthetic reaction center. 36, 37 Cyclodextrins are water-soluble hosts which can assemble molecules of interest in a versatile way. Moreover, in the literature there are examples of the use of cyclodextrins as protection agents against dimerization of the intermediates of the catalytic cycle (i.e. the highly reactive viologen radical cation [Me-V-Me] +38-40 ) and against the chemical reduction of [Me-V-Me] + by the evolving hydrogen. 40, 41 Cyclodextrins have also been used as ''molding matrices'' 42 or ''supports'' 43, 44 for the Pt colloids, showing a great influence on overall H 2 production probably due to the stabilization of the platinum colloid in solution.
The typical total efficiencies of similar systems as reported in the literature are around or below 0.1%, hydrogen evolution rates range from B1 to 9 mL h À1 (B40 to 375 mmol h À1 ); typical light sources are 150 W Xe lamps. As no standard experimental conditions have yet been established in the photocatalytic community, it is difficult to compare the efficiencies of different systems described in the literature.
The modular supramolecular approach presented in Scheme 2 has the great advantage, compared to a covalently linked multicomponent system, that it allows the generation of several functional photo-active systems by self-assembly from a limited number of building blocks. By combining different elements it will be possible to investigate different selfassembled systems and thus to optimize the experimental conditions. Our long-term aim is to establish whether these three component systems are able to generate hydrogen and whether the supramolecular interactions can provide an efficiency higher than that of collision-controlled analogues. We will describe elsewhere systems that feature viologens which are appended with moieties that have a special affinity for b-cyclodextrin, such as the adamantane and ursodeoxycholic acid (UDC) mentioned in Scheme 2. We present here an assessment of the other individual components, followed by a discussion of the results of the catalytic study of the system with methyl viologen [Me-V-Me]Cl 2 .
Materials and methods

Materials
Chemicals were purchased from Aldrich, Fluka, or Acros, and used as received. [Ir(ppy) 2 (pytl-Me)]Cl (Ir-Me), 45 [Ir(ppy) 2 (pytl-bCD)]Cl (Ir-CD), [Ir(ppy) 2 (pytl-ada)]Cl (Ir-ada), and [Ru(bpy) 2 (pytl-bCD)]Cl 2 (Ru-CD) were prepared as described earlier. 35 Pt nanoparticles functionalised with perthiolated b-cyclodextrins were prepared according to the literature; 44 details of their characterization are given elsewhere. 46 
Hydrogen evolution experiments
Hydrogen evolution experiments were carried out under constant irradiation. The system was studied in a home-built cell (Fig. 1 ). In a typical experiment an aqueous solution Scheme 1 Representation of a system for hydrogen evolution based on colloidal platinum as catalyst, viologen as electron relay and Ru(bpy) 3 2+ as sensitizing dye.
Scheme 2 Schematic representation of the self-assembled three component catalytic system for a more efficient photo-induced electron transfer towards the platinum particle. The Pt nanoparticle is schematically represented as a grey-white sphere, the sulfur atoms of the cyclodextrin in grey, the cyclodextrin as a bucket.
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Phys. Chem. Chem. Phys., 2011, 13, 7903-7909 7905 (10 mL) was prepared with the sensitizing dye at a concentration in the millimolar range (0.1 mM), combined with a 10-fold excess of a viologen relay and 1 mg of freshly prepared platinum nanoparticles stabilized with perthiolated-bCD. To this solution a sacrificial electron donor was added in 100-fold excess with respect to the sensitizing dye. Finally, to assure the presence of enough H + ions, the concentration of HCl was set to 200 molar equivalents. The solution was then carefully degassed. The total volume of the aqueous solution was always kept at 10 mL in a cell with capacity for 35 mL. The size of the nanoparticles can greatly affect the efficiency of the hydrogen production, therefore, freshly prepared samples were used, which were stored under an inert atmosphere. To break up possible aggregates, the solutions containing the nanoparticles were sonicated for 30 min prior to use. The EDTA/photosensitizer ratio (100 : 1) was limited by the solubility of the donor (Na 4 EDTA); a larger excess would have resulted in a completely turbid solution. At first glance, a higher photosensitizer concentration than 0.1 mM could be expected to give a proportionally higher amount of hydrogen; it was, however, decided to keep the photosensitizer/electron relay ratio at 1 : 10 in order to limit the amount of viologen molecules bound in other assemblies than the effective one shown in Scheme 2, i.e. in the undesirable, non-effective complexes with 2 dye-CDs or 2 Pt-CDs. For the case of methyl viologen, which is exclusively studied here but does not form inclusion complexes (at least not strong ones) with CD, the same ratio was used for comparison. The amount of acid used was chosen to give a low pH in order to have a high concentration of H + that can be reduced to H 2 , whilst avoiding too low values which could cause decomposition of metal-CD or the full protonation of Na-EDTA. The amount of catalyst used was the maximum amount that could be dissolved by 30 min sonication; adding more would have given a very dark suspension which would have resulted in very low yields. The light source was the Xenon lamp HAMAMATSU L2274 of 150 W. Xenon lamps are popular for demanding absorbance and fluorescence applications as high intensity broadband sources. Because of its sun-like spectrum, the xenon lamp is commonly used for solar simulation. The power supply was a HAMAMATSU C2577 and the lamp housing a HAMAMATSU E2420.
Solutions were monitored for molecular hydrogen evolution by directly measuring the amount of molecular hydrogen contained in the gas phase inside the reaction cell through GC analysis. In order to calculate the moles of hydrogen gas from the chromatographic peak areas, a calibration curve was constructed by preparing different mixtures of N 2 and H 2 of known ratios and measuring their H 2 peak integrals. The gas mixing and injecting processes, as well as the illumination experiment itself, were performed at T = 20 1C meaning that 1 mol of gas occupies 24.05 L. It is important to note that all the H 2 amounts described hereafter and produced in the photocatalytic cell are determined by analyzing only the gas phase. The H 2 which remains dissolved in the solution (at most 8 mmol)-or even entrapped inside bubbles on the solution surface-is not measured. The amount of hydrogen dissolved in solution is in equilibrium and therefore proportional to that in the head space; the amount of H 2 dissolved is considered to be representative for that in the gas phase.
Results and discussion
Photosensitizer and catalyst
In order to establish whether our approach could lead to the desired goal we need to select the most suitable components and to study their processes separately. It is clear that the chromophoric units must have a number of characteristics for them to be used as sensitizers for our purposes. Among others, high photostability and a long excited state lifetime are a prerequisite. Also, the excited state of the photosensitizer has to be able to transfer an electron to the relay before it returns to the ground state, resulting in a charge-separated state that we can utilize further. Polypyridine complexes are good candidates since they can be excited over a wide range of wavelengths along the visible spectrum, and they can be easily functionalised with cyclodextrins. 35 Moreover, electron transfer from e.g. a ruthenium polypyridine complex to viologen has been widely documented. 30, 47, 48 The complex [Ir(ppy) 2 (pytl-bCD)] + (Ir-CD) possesses unique photophysical properties, especially high quantum yield (0.54) and long lifetime (2.8 ms). 35 It also shows great water solubility provided by the permethylated cyclodextrin derivative, the cavity of which can also serve as a binding site for modified viologens. In the inclusion complex, the close proximity of the two components will facilitate the electron transfer from the photosensitizer to the mediator and finally to the catalyst. These facts make this complex a perfect candidate as photosensitizer for the production of molecular hydrogen from aqueous acidic solutions. For comparison, the complexes [Ir(ppy) 2 (pytl-Me)] + (Ir-Me), [Ir(ppy) 2 (pytl-ada)] + (Ir-ada), [Ru(bpy) 2 (pytl-bCD)] 2+ (Ru-CD) and [Ru(bpy) 3 ] 2+ (Ru-bpy) were also examined, as experiments comprising them should give useful information about the behavior of our Fig. 1 Schematic representation of the reaction vessel employed in the hydrogen evolution experiments. The cell is covered with a quartz glass lid that is held air-tight with three metal screws. The Xenon lamp (150 W) continuously irradiated the cell from above. The cell has one inlet for vacuum/nitrogen connected to a Schlenk line and another inlet to take the samples of gas with a microsyringe. The system is kept at a constant temperature.
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supramolecular photocatalytic system (Scheme 3). The ability of the excited state of both our iridium and ruthenium complexes to transfer an electron to a viologen molecule and to form a long lived charge-separated state was investigated by means of steady-state and time-resolved spectroscopy techniques. 35, 46 The catalysts we decided to use for our studies were Pt nanoparticles functionalised with perthiolated bCD receptors (Scheme 4). 44, 46 The presence of the cyclodextrins on the nanoparticle surface stabilizes them by preventing aggregation phenomena. 49, 50 At the same time, their surface remains accessible to the substrate and they retain their catalytic activity. 51, 52 The presence of CD also prevents the adsorption of the larger viologen molecules on the particle surface, avoiding their catalytic irreversible hydrogenation in the presence of molecular hydrogen. 53 Cyclodextrins also make the nanoparticles soluble in water which is an essential feature for our applications.
The electro-catalytic activity of Pt nanoparticles towards hydrogen reduction is a well-documented process. 54 The catalyst functions as a condenser/capacitor of negative charge to provide the necessary electrochemical potential and the number of electrons for the reduction of the aqueous protons and serves as a gas evolution site. 55 This process can be described by the following mechanism when the electron carrier is a reduced viologen: 56, 57 n[Me-V-Me] + + Pt " Pt nÀ + n[Me-V-Me] 2+ Pt nÀ + H + " Pt (nÀ1)À + H ads 2H ads " H 2 m
The platinum particles have been investigated by means of cyclic voltammetry which has established that they were active towards the reduction of protons to hydrogen as expected, even at relatively high pH (B6) values. 46 The particle size observed for our preparations by TEM (1.5-2.5 nm) is in the range that is appropriate for application in catalytic reactions; 52 it allows the diffusion of sufficient H + ions to the surface of the catalyst for the reduction process to H 2 to take place. 46 
Viologen and sacrificial electron donor
Viologen is a very promising electron relay to be used in our systems, with electronic properties that make it suitable to accept one electron from the excited state of iridium and ruthenium metal complexes. We decided to use the 1,1 0 -disubstituted-4,4 0 -bipyridine-1,1 0 -diium species as chloride salts, where the nitrogens are located in the 'para' position relative to the C atom where the pyridine rings are connected, thus having the correct geometry to yield linear self-assembled structures. In the present work, we have limited ourselves to Phys. Chem. Chem. Phys., 2011, 13, 7903-7909 7907 the use of the simplest compound of this type, the methyl viologen Me-V-Me (Scheme 3), also known as paraquat, which is a commercially available product. It should be noted that the affinity of Me-V-Me for bCD is too low to give the self-assembled system shown in Scheme 2 for adamantaneand UDC-appended viologens to any significant extent; any H 2 evolution detected for the systems described in the present work is controlled by collisions between the components. This system is therefore more appropriately represented as shown in Scheme 5.
To facilitate efficient electron transfer to the Pt center, an electron donor was utilized to re-reduce the photochemically oxidized photosensitizer. 10, 58 As electron donors three candidates were tested: triethanolamine (TEOA) because of its good reducing properties, methanol because of its availability from biomass, and ethylenediaminetetraacetic acid (EDTA) as its sodium salt, a classical example of an electron donor. TEOA was soon discarded because of the formation of insoluble decomposition products that turned the reaction mixtures heavily turbid. Methanol proved to be unsuitable in the experimental conditions used, as it resulted in low hydrogen production yields, probably due to partial evaporation during the degassing procedure; large amounts of methanol can also be expected to decrease the binding abilities of cyclodextrins. Therefore, every experiment described hereafter involves the use of EDTA as a sacrificial donor.
Effect of variation of photosensitizers
In order to evaluate the effect of the metal center on the efficiency of our systems independently from any other aspects, we investigated the systems Ru-CD/Me-V-Me/Pt-bCD/EDTA and Ir-CD/Me-V-Me/Pt-bCD/EDTA, which were different only in the nature of the photosensitizers Ru-CD and Ir-CD, containing ruthenium and iridium polypyridine complexes, respectively. The electron mediator used was Me-V-Me in both cases. Illumination of the Ru-CD/Me-V-Me/Pt-bCD/ EDTA system resulted in a very low yield; only 0.15 mmoles of H 2 were produced after the first 15 min and then the reaction continued at a very low rate, giving 0.36 mmoles of gas after 28 hours (Fig. 2) . In the case of Ir-CD/Me-V-Me/ Pt-bCD/EDTA, where the cyclodextrin-appended ruthenium complex was replaced by the iridium analogue, 4.6 mmoles of H 2 were produced during the first 15 minutes (Fig. 2 ) and the gas evolution was apparent by bubble formation in the solution. The higher efficiency of this system was also shown by the fact that, 3 hours after the illumination started, EDTA was largely consumed as the solution became absolutely transparent (the limited solubility of EDTA, even at low concentrations, was responsible for a turbid solution). As a consequence of the lack of the sacrificial donor, the photosensitizer could not be regenerated anymore and the production of H 2 stopped. The total amount of H 2 produced was 137 mmoles. In all the experiments we also observed the formation of CO 2 (not shown) which originates from the decomposition of EDTA. As expected, the amount of CO 2 produced follows the same trend as H 2 . Taking into consideration that the initial concentration of HCl was 20 mM-meaning that there are 200 mmoles of H + in the solution which can be reduced to give 100 mmoles of H 2 -it is likely that part of the H 2 produced originates from the reduction of protons coming either from water or EDTA. In the latter case they are produced during the irreversible decomposition of the oxidized EDTA which comprises the hydrolysis of unstable intermediates. 4 The substitution of ruthenium with iridium as a light harvesting unit increased the efficiency of the system by approximately 30 times in the initial phase; after 3 hours of illumination the iridium system could produce no more hydrogen because the 100 equivalents of the sacrificial donor were consumed. This remarkable difference in the efficiency of the photocatalytic production of H 2 underlines the crucial importance of choosing a very efficient sensitizer, characterized by a high extinction coefficient, to supply a large amount of electrons to the metallic catalyst.
As established earlier 35 and mentioned above, b-cyclodextrin can also act as a second-sphere ligand with respect to the metal complex, enhancing, in the case of the iridium species, the excited state quantum yield and lifetime. To investigate the effect of this interaction on the H 2 production efficiency, we Scheme 5 Chemical structures of the compounds involved in the collision-controlled cyclodextrin-based system for photoinduced hydrogen evolution from water. Ir and Ru complexes are used as sensitizing dye, methyl viologen as electron relay. The Pt nanoparticle is schematically represented in grey-white, the sulfur atoms of the cyclodextrin in grey. For M = Ir, n = 1 and X = C; for M = Ru, n = 2 and X = N. The sacrificial donors tested were methanol, EDTA, and TEOA. replaced the bCD moiety on the iridium complex with a methyl group and used this complex in a similar experiment. The new photosensitizer Ir-Me lacks the inclusion properties of Ir-CD and is characterized by a lower quantum yield (0.35) and shorter lifetime (2.1 ms). Interestingly, in the system Ir-Me/ Me-V-Me/Pt-bCD/EDTA, after 15 min of irradiation, only 2.8 mmoles of H 2 were produced and when the maximum amount of H 2 was reached-after 7 hours-75 mmoles were present in the cell (Fig. 2) . The efficiency of the system containing Ir-CD is approximately double that of the system with Ir-Me (Table 1 ). If we consider that Me-V-Me is not capable of supramolecular interactions with the cyclodextrin cavity, as it does not bear any hydrophobic groups, it is clear that the efficiency of the system is proportional to the quantum yield of the sensitizing dye (F Ir-CD = 0.54, F Ir-Me = 0.35). 35 Some other observations can be made. In the Ir-Me experiment (a) the reaction was finished before EDTA was totally consumed and (b) a plateau was reached after 7 hours, compared to 3 hours in the Ir-CD experiment. These facts indicate that the limiting factor in the case of Ir-CD was the initial concentration of the sacrificial donor, whereas in the second experiment the termination of the reaction should be attributed to other causes, possibly the lower turnover number of Ir-Me, due to fewer regeneration cycles.
Another variation of the photosensitizer was Ir-ada which bears an adamantyl group on the pytl ligand and displays an even lower quantum yield and shorter lifetime (F = 0.23, t = 1 ms). 35 After 15 min of illumination, the system Ir-ada/ Me-V-Me/Pt-bCD/EDTA produced only 0.2 mmoles of hydrogen gas (Fig. 2) . The amount of gas kept increasing almost linearly with time and when the experiment was stopped-after 20 hours-80 mmoles were present in the cell (Table 1 ). Due to the low reaction rate, we could not determine the maximum amount of hydrogen that could be produced by this system. However, we could estimate that when the photosensitizer is Ir-ada, the resulting system is approximately two times less efficient than the case of Ir-CD. The different kinetic behavior displayed by this system (Fig. 2) might be explained by considering the amphiphilic nature of the photosensitizer. Ir-ada, as we observed by NMR spectroscopy, forms aggregates in water even at low concentrations; this could interfere with the catalytic process by limiting the directional flow of electrons towards the catalytic center. No further investigation was carried out in this direction.
On the basis of the data collected in these studies, we concluded that the efficiency of our systems is directly related to the emission quantum yield of the photosensitizer. The sensitizing dye should be chosen taking into account all the factors affecting its photophysical properties (e.g. formation of inclusion complexes, hydrophobic interactions) as such factors will also have a direct impact on the efficiency of the hydrogen evolution system. The most efficient system was found to be Ir-CD/Me-V-Me/Pt-bCD/EDTA where the metal center is protected by the cyclodextrin from the quenching of the luminescence. At this time, the higher amount of hydrogen produced is only due to the improved photophysical properties of the sensitizer, as no interactions with bCD on either side of methyl viologen are expected.
In order to compare our supramolecular systems with others already reported in the literature, we investigated Ru-bpy/ Me-V-Me/Pt/EDTA, one of the first systems used for photocatalytic production of H 2 from water. 26, 43 We carried out some experiments where the efficiency of the latter was evaluated under our working conditions. Surprisingly, during the first hour of illumination, no gas evolution was observed and after 3 hours the amount of H 2 produced was only 0.2 mmoles. The reaction rate did not increase until approximately 8 hours after illumination started (Fig. 2) . The reaction kept going on even after 20 hours and the final amount of H 2 sampled at this time was 3.9 mmoles. Under the conditions used in our experiments, the three iridium complexes Ir-CD, Ir-ada, and Ir-Me, of which Ir-Me is the one most directly comparable to Ru-bpy, are much better antenna molecules than Ru-bpy for H 2 production from acidic aqueous solutions. In terms of final gas amount ratios, this is translated as Ir-CD, Ir-Me, and Ir-ada being approximately 35, 20 and 21 times, respectively, more efficient than Ru-bpy (Table 1) .
Conclusions
Various light-driven catalytic systems for the reduction of H + , comprising of an Ir-complex photosensitizer, a viologen-based electron relay, cyclodextrin-modified platinum nanoparticles as the catalyst, and a sacrificial donor, are capable of producing molecular hydrogen. The yields measured are at least an order of magnitude higher than the known Ru-bpy/Me-V-Me/Pt/ EDTA system. The most efficient combination was found to be Ir-CD/Me-V-Me/Pt-bCD/EDTA, producing almost 32 mmoles (B0.75 mL) of H 2 per hour from a 10 mL solution (actual yields are higher since part of the gas remains in solution). We investigated the effect of the photosensitizer on the efficiency of our systems and it was found that the total amount of hydrogen produced was directly proportional to the emission quantum yield of the photosensitizer, implying that a long-lived excited state is beneficial. An obvious improvement to take advantage of the efficiency of the combination of a CD-appended Ir-based photosensitizer and CD-coated Pt nanoparticles would be to use viologens that are appended with moieties that are good guests for cyclodextrins such as adamantane and UDC, which would lead to catalytic systems that self-assemble by host-guest interactions; work along these lines is in progress. 
